The ability of cells to generate regions of membrane curvature is of vital importance in regulating changes in membrane morphology that underlie processes such as membrane trafficking and cell migration [1] . One general mechanism for generating membrane curvature is through the penetration of an amphipathic helix into the cytosolic face of a membrane bilayer [2] [3] [4] . This leads to asymmetry between the cytosolic and lumenal leaflets thereby bending the membrane towards the cytosol, generating positive curvature. Once generated, such curvature may be stabilised through proteins that contain a BAR (Bin/amphiphysin/ Rvs) domain, a rigid 'banana-shaped' dimer that, by means of a positively charged concave face, can scaffold positive curvature ( [5, 6] , reviewed in [7] ). For a certain subgroup of BAR domains, the N-BARs, the processes of generation and stabilisation of curvature are coupled [6] . Here, the BAR domain is preceded by a short amphipathic helical region, which, upon membrane binding, is inserted into the bilayer generating curvature that is subsequently stabilised by the BAR domain itself [6] . Of equal biological importance is the topologically opposite process, the generation of negative curvature where the membrane is deformed away from the cytosolic environment. Mechanistically how cells generate such negative curvature remains a matter of some debate. In a recent paper, however, Mattila and colleagues [8] have elegantly described how the IRSp53/MIM (IM) domain constitutes a structural module capable of generating such negative membrane curvature.
IM domains are a-helical structures that self associate to form a 'zeppelin-shaped' dimer that structurally is loosely related to BAR domains [9, 10] (Figure 1 ). Given this structural similarity, Mattila et al. [8] examined whether the IM domain from a protein called missing-in-metastasis (MIM) was able to associate with membranes. Using native gel electrophoresis, they established a low-affinity interaction of the IM domain of MIM with the plasma-membrane-enriched phosphoinositide, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ). Mapping of the interaction surface by site-directed mutagenesis revealed that PI(4,5)P 2 bound to a relatively large patch of positively charged residues at either end of the dimeric IM domain, similar to those found in BAR domains [8] . However, because of the differences in the structure between these domains, the mode of membrane binding exhibited by this IM domain was predicted to be of opposite curvature. Thus, while membrane binding to the BAR domain occurs on the concave face of the banana, the shallower convex surface of the zeppelin appears to constitute the binding face of MIM's IM domain (Figure 1 ).
To examine whether the membrane binding properties of the IM domain of MIM were indeed different from those of BAR domains, Mattila et al. [8] combined electron microscopy with electron tomography. This analysis revealed that, when associated with PI(4,5)P 2 -enriched membranes, MIM's IM domain induced the formation of membrane tubules, which, in intact vesicular structures, were observed to invaginate into the lumen of the vesicle -in other words these tubules were formed through the generation of negative membrane curvature. The formation of tubules was dependent on the concentration of the IM domain, suggesting that the IM domain dimers may associate in a higher-order oligomer in order to generate and/or stabilise tubule formation. The tubules formed by addition of the IM domain of MIM were of a regular width, having an average diameter of approximately 80 nm, which was similar to the predicted optimal binding diameter of approximately 95 nm based upon a space-filling model of the convex membrane-binding surface of the IM domain dimer. Thus, like BAR domains, which induce tubules whose diameter varies between 20 and 50 nm, presumably because of differences in the degree of BAR domain curvature (for example, see [11] ), the IM domain of MIM can induce membrane tubulation. However, it would appear that while BAR domains stabilise membrane tubules by coating the outside of the tubule, the MIM/IM domain drives or provides a scaffold for tubule formation by binding in a reverse orientation to the inside of the forming tubule [12, 13] (Figure 2) . What is the functional significance of the negative membrane curvature induced by the IM domain? It has been known for some time that the overexpression of IM domains from MIM or the related protein IRSp53 generates protrusions from the plasma membrane into the extracellular environment that resemble long, branched actin-containing filopodia [14] . It had been argued that IM domains induced these structures via an ability to bundle actin filaments, although the work by Mattila et al. [8] suggests that this is unlikely to be the case under physiological conditions. Irrespective of this, the ability of IM domains to bind F-actin and PI(4,5)P 2 -enriched membranes is required for their efficient formation of membrane protrusions in vivo [8] , highlighting a common feature of IM-domain-containing proteins and several BAR-domain-containing proteins, namely that they constitute a molecular link between membrane binding and either actin itself, and/or actin-regulatory proteins. For example, BAR-domain-containing proteins involved in endocytosis, such as sorting nexin-9, Tuba and syndapins, often contain Src homology 3 (SH3) domains that recruit dynamin and the actin-nucleation-promoting factor, N-WASP (for a more in depth discussion of this link, we refer the reader to a recent excellent review [15] ). As N-WASP has been visualised at sites of endocytosis and is required for some endocytic events [16] , it seems likely that membrane deformation and actin polymerisation go hand in hand.
So what of IM-domain-containing proteins? Both MIM and some isoforms of IRSp53 contain a carboxy-terminal WASP homology (WH2) domain, providing a potential link to globular actin or scaffolding functions [10] , and both contain varying Rac-binding properties within their IM domains, mirrored by the small GTPase binding capacity of some BAR domains [17] . It appears from several studies that Rac does not influence the activity of the IM domain directly [8, 14] , but instead links MIM and IRSp53 function to cytoskeletal regulators. In the case of IRSp53, this link comes in the form of another actin nucleation factor, WAVE2 [12] . Whereas N-WASP is implicated in endocytotic events, WAVE2 is required for the formation of lamellipodia, broad membrane protusions that often peel upwards to form membrane ruffles. Knockdown of IRSp53 has been shown to inhibit lamellipodium formation [12] , suggesting a direct role in this process, although it remains unclear how the tubular protrusions formed by IM domains might relate to lamellipodial morphology.
And the tale does not end there. IRSp53 also contains a Cdc42-binding motif and has recently been shown to be required for the Cdc42-induced formation of filopodia, dependent on its association with another cytoskeletal modulator, Eps8 [18] . Presumably, spatial or temporal differences in Cdc42 activity compared with Rac activity contribute to the type of membrane structure mediated by IRSp53. Interestingly, the paper by Mattila et al. [8] shows that IM domains localise with the plasma membrane in the protrusion, whereas the filamentous actin appears to fill the centre (Figure 2) . It is possible that the type of actin regulator brought to the party by full-length IRSp53 or MIM could determine the final shape and dynamics of the protrusion. The dimerisation of the IM domains in these circumstances could potentially lead to the clustering of these regulators, providing another level of regulation. Determining the relative contributions of membrane deformation by IM domains and actin reorganisation in creating distinct membrane structures will be of great interest in the future.
Finally, another important role for generating negative membrane curvature is in the process of inward budding within the endocytic pathway. In this regard, it is perhaps worth noting that the Bro1 domain -a conserved motif found in the yeast Bro1 and mammalian Alix proteins, which are recruited to a complex involved in the sorting of cargo into these inward budding profiles [19] -has a structure that resembles a 'boomerang' with a convex face that contains a highly positively charged region that may assist binding to acidic phospholipids [20] . With the characterisation of the ability of the IM domain to generate negative membrane curvature through the properties of its convex surface, it would certainly be of interest to establish whether the convex surface of the Bro1 domain is also able to generate and/or scaffold negative curvature within the endocytic network.
A transgenic mouse has been generated with three cone types, instead of the normal murine two. Remarkably, some of these mice use the extra cone to make trichromatic color discriminations similar to those that are the basis of human color vision.
Bevil R. Conway
Normal mice have just two cone pigments, unlike humans who usually have three. Our extra cone colors the world in a way that mice can only dream of. until now [1] . A few years ago, two groups [2, 3] independently generated a transgenic mouse that expresses the human red retinal pigment, in addition to the native mouse green and blue pigments, giving the mouse a trichromatic retina. The burning question has been whether these mice use the extra pigment to measure differences in spectral distribution -do they see in red-green color? Many scientists, including me, would probably have guessed not, because color vision involves all sorts of specialized neural circuits, both in the retina and in the cortex [4, 5] , that would seem to require more than a single genetic switch to invent. But Jacobs et al. [1] have now shown with careful psychophysical experiments that a fraction of these transgenic mice are indeed trichromatic.
Color vision comes about by a comparison of the relative activities of different cone types, a calculation typified by cells with cone-opponent receptive fields [4, 5] . In addition to short-wave sensitive cones, mammals typically have one additional cone type sensitive to longer wavelengths. Somewhere around 30-40 million
